Functional characterization of a Plagiochasma appendiculatum flavone synthase I showing flavanone 2-hydroxylase activity  by Han, Xiao-Juan et al.
FEBS Letters 588 (2014) 2307–2314journal homepage: www.FEBSLetters .orgFunctional characterization of a Plagiochasma appendiculatum ﬂavone
synthase I showing ﬂavanone 2-hydroxylase activityhttp://dx.doi.org/10.1016/j.febslet.2014.05.023
0014-5793/ 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
⇑ Corresponding authors. Fax: +86 531 88382019.
E-mail addresses: louhongxiang@sdu.edu.cn (H.-X. Lou), aixiacheng@sdu.edu.cn
(A.-X. Cheng).Xiao-Juan Han, Yi-Feng Wu, Shuai Gao, Hai-Na Yu, Rui-Xue Xu, Hong-Xiang Lou ⇑, Ai-Xia Cheng ⇑
Key Laboratory of Chemical Biology of Natural Products, Ministry of Education, School of Pharmaceutical Sciences, Shandong University, Jinan 250012, China
a r t i c l e i n f oArticle history:
Received 5 March 2014
Revised 29 April 2014
Accepted 10 May 2014
Available online 22 May 2014
Edited by Miguel De la Rosa
Keywords:
Liverworts
Flavone synthase
Flavonol synthase
2-Hydroxyﬂavanone
Site-directed mutagenesisa b s t r a c t
FNS I is a 2-oxoglutarate dependent dioxygenase (2-ODD) found mainly in species of the Apiaceae
family. Here, an FNS I cDNA sequence was isolated from the liverwort Plagiochasma appendiculatum
(Aytoniaceae) and characterized. The recombinant protein exhibited high FNS I activity catalyzing
the conversion of naringenin to apigenin and 2-hydroxynaringenin. The critical residue for ﬂava-
none-2-hydroxylation activity was Tyr240, as identiﬁed from homology modeling and site-directed
mutagenesis. The recombinant protein also showed some ﬂavonol synthase activity, as it can con-
vert dihydrokaempferol to kaempferol. When the Leu311 residue was mutated to Phe, the enzyme’s
capacity to convert dihydrokaempferol to kaempferol was substantially increased. PaFNS I repre-
sents a 2-ODD in which a hydrophobic p-stacking interaction between the key residue and the
naringenin A-ring determines 2-hydroxyﬂavanone formation.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The ﬂavonoids represent a large group of polyphenolic second-
ary metabolites which are especially abundant in higher plants, but
can also be found in more primitive taxa such as the liverworts
[1,2] and horsetails [3]. Their accumulation, and particularly that
of the ﬂavones, ﬂavonols and anthocyanins, is believed to be essen-
tial for plants to adapt to a terrestrial environment, since they rep-
resent an effective ﬁlter for UV irradiation [4,5]. Plant ﬂavonoids
have diversiﬁed to become pigments in foliage and ﬂowers, signal-
ling compounds in the plant–microbe interaction, and phytoalex-
ins [5–7]. Many of them are pharmacologically active [8–10].
Their structure comprises a 15 carbon phenylpropanoid core, com-
posed of two six carbon aromatic rings (‘‘ring A’’ and ‘‘ring B’’)
joined by a heterocyclic ring which contains three carbon atoms
(‘‘ring C’’). The common precursor of all ﬂavonoids is (2S)-naringe-
nin, which is formed from the condensation of p-coumaroyl-CoA
with three units of malonyl-CoA (Suppl. Fig. 1). Flavanone 3b-
hydroxylase (FHT) converts naringenin to dihydrokaempferol
(DHK), which can subsequently be reduced to a leucopelargonidin
by dihydroﬂavonol 4-reductase (DFR). Alternatively, DHK can bedesaturated by ﬂavonol synthase (FLS) to form kaempferol. Flavone
synthase (FNS) converts ﬂavanones to ﬂavones by introducing a
double bond between the C2 and C3. The synthesis of ﬂavone is
carried out by two completely different ﬂavone synthases, ﬂavone
synthase I and II (EC 1.14.11.22). The former enzyme is largely
restricted to the Apiaceae [11,12], although a representative has
been identiﬁed in rice [13]. FNS II is a membrane-bound cyto-
chrome P450-dependent monooxygenase, and is ubiquitous in
the plant kingdom. FNS I and FNS II have distinct catalytic mecha-
nisms. Previously reported FNS I from Apiaceae catalyzes naringe-
nin to apigenin without any intermediate and is unable to convert
either 2-hydroxynaringenin or dihydroﬂavonol to ﬂavone [14,15].
FNS II enzymes exhibit two different activities. Most FNSII enzymes
converted ﬂavanones directly to ﬂavones through C2, C3-cisdesat-
uration such as those present in Gerbera hybrida [16], Antirrhinum
majus and Torenia hybrida [17]. Interestingly, CYP93B members
from Glycyrrhiza echinata [18] and Medicago truncatula [19],
CYP93G3 from sorghum [20] and CYP93G2 from rice [21] showed
ﬂavanone 2-hydroxylation activities in recombinant enzyme
assays, and ﬂavones were only detected from the reaction products
after acid treatments. These enzymes are involved in the biosyn-
thesis of 2-hydroxynaringenin or ﬂavone C-glycosides [21] and
actually are rather ﬂavanone 2-hydroxylases than FNS II, although
they were denoted as FNS II in the earlier investigation [18,19].
Here, we describe the isolation and functional characterization
of an FNS I encoding gene from the liverwort species Plagiochasma
2308 X.-J. Han et al. / FEBS Letters 588 (2014) 2307–2314appendiculatum. The recombinant enzyme converted naringenin to
apigenin and 2-hydroxynaringenin. Homology modeling and site-
directed mutagenesis analysis identiﬁed that the presence of its
Tyr240 residue was critical for 2-hydroxyﬂavanone production.2. Materials and methods
2.1. Plant materials and reagents
P. appendiculatum samples were maintained and propagated via
gemmal growth and sexual crossing in a greenhouse maintained at
25 C under a 12 h photoperiod. Two month old thallus were
rinsed, then snap-frozen in liquid nitrogen for RNA and DNA
extraction, using the CTAB method [22]. Naringenin, apigenin, eri-
odictyol, dihydroquercetin, dihydrokaempferol and kaempferol
were all purchased from Sigma–Aldrich (St. Louis, USA).2.2. PaFNS I cDNA synthesis
cDNA was synthesized from total RNA using a RevertAid™First
Strand cDNA Synthesis kit (MBI-Fermentas, US) in conjunction
with an oligo (dT)18 primer, following the manufacturer’s instruc-
tions. A 691 bp PaFNS I fragment, representing the 30 end of the
coding region, was identiﬁed from a P. appendiculatum EST library
[23]. Based on this sequence, a primer pair denoted GSP-1/-2
(sequences given in Suppl. Table 1) was designed to amplify the
missing 50 partial cDNA. The sequence was extended using a
SMART RACE cDNA Ampliﬁcation kit (Clontech) according to the
manufacturer’s protocol. The primer pair FNS-F/-R (sequences
given in Suppl. Table 1) was subsequently designed to amplify both
the full cDNA and the matching genomic DNA sequence.2.3. Sequence alignment, phylogeny and modelling of its product
The PaFNS I sequence has been submitted to GenBank as acces-
sion number KJ439220. Its deduced polypeptide sequence was
aligned with those of AtANS, AtFLS 1, PcrFHT and PcrFNS I using
DNAMAN v7 software (Lynnon Biosoft, Quebec, Canada). A phylo-
genetic tree was constructed using the neighbor-joining method
implemented in MEGA v4.0 software [24]. Homology modeling of
the PaFNS I protein and the Y240P mutant formwas obtained using
the SWISS-MODEL server [25]. The crystal structure of Arabidopsis
thaliana ANS complexed with 2-oxoglutarate (2-OG) and naringe-
nin (Protein Data Bank entry 2brt) served as a template [26]. The
resulting models were visualized using PyMOL (http://www.py-
mol.org/citing).2.4. Recombinant protein expression and puriﬁcation
The PaFNS I open reading frame was PCR ampliﬁed from the
cDNA template using KOD DNA polymerase (Toyobo, Japan) and
the primer pair FNS-BF/-SR (sequences given in Suppl. Table 1).
The amplicon was digested with restriction enzymes (Takara,
Japan) and ligated into the appropriate cloning site of the plasmid
pET32a (Novagen) to encode an N-terminally His-tagged protein.
The construct was transformed into Escherichia coli BL21 (DE3)
for protein expression. Recombinant protein was produced and
puriﬁed as described elsewhere [24,27]. To exclude the effect of
His-tag on the enzyme activity of recombinant PaFNS I, the His-
tag was removed by Thrombin digestion and puriﬁed using a
His-binding resin column. Puriﬁed proteins were subjected to
denaturing SDS–PAGE gel electrophoresis (12% acrylamide), and
visualized by Coomassie blue R250 staining [27].2.5. Enzyme assays
Enzyme assays were performed at 35 C for 1 h in a 500 ll reac-
tion containing 50 mM Tris–HCl (pH 7.0), 1 mM ascorbate, 100 lM
FeSO4, 160 lM 2-oxoglutaric acid, 50 lM substrate and 38 lg puri-
ﬁed recombinant PaFNS I; as a control, protein was also prepared
from E. coli BL21 (DE3) carrying an empty pET32a plasmid. The
reactions were extracted twice in 500 ll of ethyl acetate and cen-
trifuged at 12000g for 10 min. After removal of the solvent under
vacuum, the residue was dissolved in 100 ll methanol. Analysis of
the reaction products was performed using liquid chromatogra-
phy–mass spectrometry (LC–MS) analysis, carried out on an Agi-
lent 1100 system (Agilent Technologies, CA), equipped with a
multi wavelength diode array detector and an electron spray ioni-
zation mass spectrometer. The samples were separated through a
reverse-phase C18 column, and the products detected at 270 nm.
The two solvents were (A) water and (B) 100% methanol. The sep-
aration program was: 0–20 min: 30%–80% B; 20–25 min: 100% B;
25–32 min: 30% B. The ﬂow rate was 0.8 mL/min and the injection
volume was 20 ll. For 2-hydroxynaringenin puriﬁcation, a large
scale reaction was performed in a 1 L reaction at 35 C for 1 h
and extracted twice with equal volume of ethyl acetate. After
removal of the ethyl acetate by reduced pressure distillation, the
crude reaction product was redissolved in methanol and separated
by HPLC at 270 nm. The HPLC was performed on an Agilent 1200
system (Agilent Technologies, CA) equipped with a multi wave-
length diode array detector and Eclipse XDB-C18 5 mm column
(9.4  250 mm). The solvents were (A) water and (B) 100% metha-
nol. The separation program was: 0–40 min: 30%–80% B; 40–
48 min: 100% B; 48–56 min: 30% B. Enzyme assays were carried
out under standard conditions using puriﬁed proteins and 2-
hydroxynaringenin as the substrate. To determine the optimum
pH for the reaction, the assays were performed at 35 C for 1 h
using 50 mM of either MES buffer (pH 5.0–6.5), Tris–HCl buffer
(pH 7.0–8.5) or borate buffer (pH 9.0–10.0); optimization of the
reaction temperature was achieved by assays carried out at pH
7.0 for 1 h at a temperature of either 20, 30, 35, 40, 45 or 50 C.
Kinetic parameters were determined by altering the substrate con-
centration (10–200 lM) in reactions run at the optimal pH and
temperature for 10 min. The kinetic parameters were obtained by
applying the Michaelis–Menten equation implemented with
Graphpad Prism 5 software. The quantity of reaction product pres-
ent was calculated based on a standard calibration curve con-
structed using authentic compound.2.6. Site-directed mutagenesis
PaFNS I mutants were created by applying a modiﬁed Strata-
gene QuickChange site-directed mutagenesis method. The PaFNS
I -pET32a vector was utilized as the template for single amino
acid substitutions using complementary primers designed by pri-
mer X software (http://www.bioinformatics.org/primerx) (Suppl.
Table 1). A single mutant was used as the template to generate
double mutants; similarly triple mutants were constructed using
double mutants as template, and the quadruple mutant was pro-
duced from the triple mutant. The reaction mixture was treated
with DpnI (Thermo Scientiﬁc, USA) to cleave methylated tem-
plate DNA and the PCR product was transformed into E. coli
DH5a. The mutated genes were conﬁrmed by sequencing and
expressed in E. coli BL21 (DE3) as above. The enzyme assay
was performed using puriﬁed mutant recombinant protein with
the same substrates and under the same conditions as above.
Catalytic efﬁciency was estimated from a standard calibration
curve.
X.-J. Han et al. / FEBS Letters 588 (2014) 2307–2314 23092.7. Analysis of the chemical composition of P. appendiculatum thallus
Thallus (0.2 g) were collected from our greenhouse and ground
to ﬁne powder in liquid nitrogen and extracted with 80% methanol
(800 ll) by ultrasonic extraction. After centrifugation at 13000g
for 15 min, the supernatant was transferred into a new tube.
400 ll of the supernatant was used for acid hydrolysis with an
equal volume of 2 N HCl at 70 C for 40 min. The reactions of acid
hydrolysis were extracted twice with equal volume of ethyl ace-
tate. After removal of the solvent under vacuum, the residues of
plant extracts and the acid hydrolysis sample were dissolved in
methanol and analyzed using HPLC.
3. Results and discussion
3.1. Isolation of a PaFNS I gene
An expressed sequence tag (EST) from a sequenced normalized
cDNA library from thallus of P. appendiculatum described by ChengPaFNS
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Fig. 1. Peptide alignment of the PaFNS I sequence with those of AtANS (Arabidopsis thalia
(Petroselinum crispum: AY230248) and PcrFNS I (P. crispum: AY817680). The alignment id
potential substrate binding residues (blue stars).et al. [23] showed high sequence homology with genes encoding
FNS I and FHT. The missing 50 fragment was obtained by RACE
PCR, and the fully assembled gene designated PaFNS I. The
sequence was 1513 bp in length, including a 1086 bp open reading
frame (ORF) encoding a 361 residue polypeptide with a calculated
molecular weight of 39.94 kDa and a pI of 6.42. The PaFNS I
sequence featured the diagnostic HxDxnH and RxS motifs for bind-
ing Fe2+ and 2-OG within the 2-oxoglutarate dependent dioxygen-
ase (2-ODD) (Fig. 1). A sequence alignment showed that PaFNS I
shared 29.6%, 31.4%, 37.9% and 35.4% peptide identity with AtANS
(AJ564262) [28], AtFLS1 (AAB41504) [29], PcrFHT (AY230248) and
PcrFNS I (AY817680) [12], indicating a physiological function in the
ﬂavonoid pathway, or at least related to that of FLS, FHT and FNS I.
The corresponding genomic sequence ampliﬁed from thallus DNA
was of 2597 bp length, and its alignment with the cDNA sequence
identiﬁed the presence of two introns, one stretching from 517 to
1639 bp and the second from 1966 to 2357 bp. FNS I and FHT
intron–exon structure varies among the Apiaceae [11]. The two
FNS I genes isolated from parsley (Petroselinum crispum) both    51
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entiﬁed the residues involved in Fe2+ (red stars) and 2-OG (green stars) binding and
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sites. However, introns are lacking in the copies of FHT present in
both carrot (Daucus carota) and parsley. FHT genes in both carna-
tion (Dianthus caryophyllus) and alfalfa (Medicago sativa) contain
two, albeit much longer, introns inserted at a similar point as in
the FNS I genes found in Apiaceae species [11]. The PaFNS I introns
were longer than those present in the Apiaceae species FNS I genes.
The phylogeny of plant 2-ODDs is shown as Suppl. Fig. 2. The
FLSs, ANSs, FNS I and FHTs each form a recognizable clade. Based
on the high sequence identity between FNS I and FHT, these two
enzymes appear to be phylogenetically in a same clade. PaFNS I
did not cluster with either FNS I or FHT, perhaps because of the dis-
tant phylogenetic relationship between liverworts and the Apia-
ceae. However, it is clear that PaFNS I is more closely related to
FNS I and FHT than it is to either FLS or ANS.
3.2. Puriﬁcation and biochemical characterization of the recombinant
PaFNS I
To demonstrate functional activity of PaFNS I in vitro, recombi-
nant proteins were expressed in E. coli and puriﬁed using immobi-Principal fragmentations of P1 peak
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spectrometry proﬁle of apigenin. (H, I) Proposed sites of fragmentation indicated on thelized metal afﬁnity chromatography on Ni2+ columns. The
recombinant PaFNS I protein had a Mr. of about 61 kDa (Suppl.
Fig. 3), in agreement with the size of the deduced PaFNS I protein.
When PaFNS I was provided with naringenin as substrate, two
products (p1 and p2) were recognized which were not produced
by the empty vector control (Fig. 2A and B). The LC–MS analysis
of p1 suggested a molecular ion [M+H]+ at a mass to charge ratio
(m/z) of 289 (Fig. 2E), indicating an oxygen atom was added. Its
fragmentation products had m/z values of 153, 121 and 163 in
the MS2 mass spectrum (Fig. 2E and H). The fragmentation proﬁle
of p1 was consistent with 2-hydroxynaringenin, known to be a
product of FNS II in M. truncatula [17], sorghum [18] and rice
[19]. The p2 product shared the same retention time as apigenin
(Fig. 2D). LC–MS analysis suggested it had an m/z of 271 and
daughter ions of m/z 153, 119 and 163 (Fig. 2F), identical to what
was generated from a standard preparation of apigenin (Fig. 2G
and I). This conﬁrmed that PaFNS I converted naringenin to apige-
nin and 2-hydroxynaringenin. When PaFNS I was provided with
dihydrokaempferol as substrate, the HPLC proﬁle of the reaction
included one product absent from that of the empty vector control
(Fig. 3A and B); this product had the same HPLC retention time, UVPrincipal fragmentations of P2 peak
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(Fig. 3D–H). The provision of either eriodictyol or dihydroquercetin
generated no reaction product (data not shown). Meanwhile, the
enzyme assays were performed using puriﬁed recombinant PaFNS
I without the His-tag (Suppl. Fig. 3) under the same conditions. No
differences were observed in the HPLC analysis of the enzyme
assay products (Suppl. Fig. 4). So we suggested that His-tag did
not change the biochemical feature of the recombinant PaFNS I.
During the puriﬁcation of 2-hydroxynaringenin, it was noted
that a small quantity was spontaneously transformed to apigenin.
However, the provision of 2-hydroxynaringenin as substrate to
puriﬁed PaFNS I produced a 2-hydroxynaringenin to apigenin ratio
indistinguishable from that generated by the control reaction (data
not shown); this demonstrated that PaFNS I was unable to catalyze
the conversion of 2-hydroxynaringenin to apigenin, as is similarly
the case for Apiaceae FNS I enzymes [14]. It also conﬁrmed that 2-
hydroxynaringenin cannot be an intermediate product in the con-
version of naringenin to apigenin, leaving the mechanism of con-
version still unknown. Previously investigation has shown 2-
hydroxyﬂavanone is able to be converted into ﬂavone in vitro only
upon acid treatment, which suggested that in vivo, dehydratase
activity is required for this process [16]. An endogenous yeast
dehydratase was assumed to be responsible for the formation of
ﬂavones from 2-hydroxyﬂavanone when either FNS II-1
(CYP93B10) or FNS II-2 (CYP93B11) from M. truncatula wasexpressed in yeast cells [17]. The implication therefore is that
PaFNS I exhibited both FNS I and ﬂavanone-2-hydroxylase activity.
PaFNS I catalyzed the formation of apigenin by the removal of two
vicinal hydrogen atoms from the C2 and C3.
This is the ﬁrst time a FNS I with ﬂavanone 2-hydroxylase activ-
ity has been reported. To verify the catalytic mechanism of PaFNS I,
the structure of ANS complexed with naringenin [25] was
employed as a template for homology modeling of PaFNS I. This
showed that the Tyr240 and Leu311 residues lay close to the active
site (Fig. 5A). A protein sequence alignment demonstrated that the
FNS I Tyr240 and Leu311 residues contrasted with their equiva-
lents (Pro231 and Phe292) in both PcrFHT and PcrFNS I. The posi-
tion of Leu311 corresponded to Phe304 in AtLDOX, the residue
which has been proposed to bind the A-ring of naringenin via p-
stacking. A comparison with the key residues in the parsley FHT/
FNS I enzyme [12] identiﬁed Ala120 and Phe146 as being different
in PaFNS I. Thus, in total, four residues were targeted for mutation,
namely A120M, F146I, Y240P and L311F. When the puriﬁed recom-
binant mutant enzymes were incubated with naringenin as sub-
strate, the ratio of 2-hydroxynaringenin to apigenin was reduced
in each case. The Y240P mutant converted naringenin to apigenin
without producing any 2-hydroxynaringenin (Figs. 2C and 4A).
The enzyme activity of the double mutants Y240P–F146I, Y240P–
A120M and F146I–A120M was reduced to a level of about 10% of
the wild type’s, and the only product generated was apigenin.
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2312 X.-J. Han et al. / FEBS Letters 588 (2014) 2307–2314The L311F–Y240P double mutant exhibited less FNS I activity than
either the wild type or the Y240P single mutant enzymes. The dou-
ble mutants L311F–F146I and L311F–A120M catalyzed the forma-
tion of 2-hydroxynaringenin and apigenin, although the ratio of
these two compounds was lower than that generated by the wild
type enzyme. Previously investigation also indicated that thequantitative effect of a second mutation on a mutant enzyme
may be antagonistic, absent, partially additive, additive, or syner-
gistic with respect to the ﬁrst mutation [30,31]. We suggested that
the effects of double mutations in our enzymes are antagonistic.
The activity of the triple mutant L311F–F146I–A120M fell to about
5% of the wild type enzyme, while in the triple L311F–F146I–Y240P
Table 1
Kinetic parameters of recombinant PaFNS I and the recombinant Y240P mutant using naringenin as substrate.
Enzyme Km (lM) Vmax (nmol mg1 min1) Kcat (s1) Kenz (M1 s1)
PaFNS I 19.91 ± 2.62 41.05 ± 1.704 0.027 ± 0.011 1372.25
Y240P mutant 6.513 ± 0.89 2.998 ± 0.077 0.002 ± 0.00005 305.86
X.-J. Han et al. / FEBS Letters 588 (2014) 2307–2314 2313and the quadruple L311F–F146I–Y240P–A120M mutants, there
was no perceptible activity at all (Fig. 4A). This indicated that
Y240 was the key residue required for 2-hydroxynaringenin forma-
tion. When Tyr was mutated to either Ala, Val, Ile or Phe, the
enzyme formed more apigenin than the wild type enzyme.
Y240A and Y240P catalyzed the formation of apigenin without
the formation of any 2-hydroxynaringenin. Our assumption is that
the phenol ring of Tyr240 forms a hydrophobic p-stacking interac-
tion with the naringenin A-ring, and that this is critical for 2-
hydroxynaringenin formation. This suggestion was supported by
the activity of Y240F mutant, which also catalyzed the formation
of 2-hydroxynaringenin. The Y240I and Y240V mutants generated
traces of 2-hydroxynaringenin, perhaps because Ile and Val pro-
vided a hydrophobic side chain.
As the provision of dihydrokaempferol as a substrate gener-
ated a product which shared the same HPLC retention time, UV
spectrum and MS spectrum as kaempferol, the conclusion was
that PaFNS I can act as an FLS enzyme. The mutated enzymes
L311F, Y240P, F146I, A120M and L311F–A120M were all able to
oxidize dihydrokaempferol to kaempferol, with respective cata-
lytic activities relative to the wild type level of 355%, 104%, 86%,
162% and 175% (Fig. 4C). The other mutants lost all FLS activity.
These results suggested that L311F substitution increased the
FLS activity (Fig. 3C). Our assumption is that the phenol ring in
the F311 residue forms a hydrophobic p-stacking interaction with
the dihydrokaempferol A-ring, thereby increasing enzyme
activity.
A test for the optimal pH and temperature requirements of
PaFNS I showed that maximal activity was expressed at 35 C in
a buffer of pH 7.0. The Km, Vmax, Kcat and Kenz (Kcat/Km) of the wild
type and Y240P forms of PaFNS I under these optimal conditions
when provided with a range of naringenin concentrations are
shown in Table 1. The Y240P mutant had a higher afﬁnity (lower
Km) with naringenin than the wild type enzyme, but the catalytic
efﬁciency of the mutant was lower than that of wild type enzyme.
Consistent with the behavior of the wild type enzyme, none of the
mutants accepted either eriodictyol or dihydroquercetin as a sub-
strate, although both these molecules differ from naringenin and
dihydrokaempferol by just a single hydroxyl group in the B ring.3.3. HPLC analysis of the chemical composition of P. appendiculatum
thallus
To analyze the presence of apigenin, 2-hydroxynaringenin or
ﬂavone C-glycosides, the chemical composition of P. appendicula-
tum thallus was analyzed using HPLC. The results indicated that
the predominant compounds in P. appendiculatum thallus are ric-
cardin D and riccardin C (Suppl. Fig. 5) (riccardin D and riccardin
C were isolated from P. appendiculatum in our lab previously).
Unfortunately, apigenin and 2-hydroxynaringenin was hardly
detectable in P. appendiculatum thallus (Suppl. Fig. 5). Meanwhile,
the soluble sample was digested by acid hydrolyzed to detect the
presence of ﬂavone C-glycosides. However, the presence of ﬂav-
ones after acid treatment could not be detected although previous
investigation indicated that ﬂavonoid C-glycosides have been
found in bryophytes, ferns, gymnosperms, and angiosperms [32].
The undetectable of the ﬂavone or ﬂavone C-glycosides in P.
appendiculatum probably was due to this liverwort is rich in bisbi-
benzyls while the ﬂavone or C-glycosides content is too low.4. Conclusion
Flavanones, ﬂavonols, dihydroﬂavonols and anthocyanins are
present in the bryophytes [33,34], but it is still unknown whether
FNS I or FNS II is responsible for the formation of ﬂavones in these
primitive plants. Here, a 2-OG dependent dioxygenase was isolated
from a liverwort species, one of the most basal land plants. The
enzyme catalyzed the conversion of naringenin to 2-hydroxyna-
ringenin and apigenin. Site-directed mutagenesis and homology
modeling suggested that the Y240 residue is critical for the forma-
tion of 2-hydroxynaringenin.
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